We present a method for tuning the resonant wavelength of photonic crystal cavities (PCCs) around 1.55 µm. Large tuning of the PCC mode is enabled by electromechanically controlling the separation between two parallel InGaAsP membranes. A fabrication method to avoid sticking between the membranes is discussed. Reversible red/blue shifting of the symmetric/anti-symmetric modes has been observed, which provides clear evidence of the electromechanical tuning, and a maximum shift of 10 nm with < 6 V applied bias has been obtained.
We present a method for tuning the resonant wavelength of photonic crystal cavities (PCCs) around 1.55 µm. Large tuning of the PCC mode is enabled by electromechanically controlling the separation between two parallel InGaAsP membranes. A fabrication method to avoid sticking between the membranes is discussed. Reversible red/blue shifting of the symmetric/anti-symmetric modes has been observed, which provides clear evidence of the electromechanical tuning, and a maximum shift of 10 nm with < 6 V applied bias has been obtained. 13 By forming a p-i-n junction as shown in Figure 1a and operating it under a reverse bias V, an electrostatic pressure ε 0 V 2 2d 2 (assuming an ideal capacitor, i.e. neglecting the voltage drop in the depletion regions) can be exerted on both slabs. Such a pressure, in the range of 0.1-1 kPa, is sufficient to move a free-standing structure such as a cantilever (Fig.1a) or a doubly clamped beam.
The three-dimensional mode profile of PCCs on single slabs can be separated into an in-plane component, which depends on the geometry of the photonic crystal, and an out of plane component determined by the wave-guiding conditions. The effective refractive index n eff of the guided mode relates the wavelength of the cavity emission in free-space (λ 0 ) to the one in the slab by λ 0 = λn eff . When two identical membranes are brought at close distance from each other the evanescent fields of the guided modes overlap, resulting in the formation of a symmetric mode with a larger n eff and an anti-symmetric mode with a smaller n eff . By adjusting the inter-membrane separation the effective index can be controlled and tuning of the cavity resonances is expected.
11 To estimate the amount of shift as a function of the distance, a three-dimensional finite element method (FEM) simulation has been performed to calculate the spectrum of a cavity on two In ( and boiling isopropanol) during drying. In NEMS fabrication, stiction is usually avoided by CO 2 supercritical drying. 16 Here we introduce a different method which does not require the high-pressure chambers needed for supercritical drying. Indeed we use the SiN etching mask as a mechanical support during the drying (performed in isopropranol vapor and air) and then remove it using a CF 4 plasma in a barrel etcher. Since no liquid is involved in the last step, no capillary forces exist and stiction rarely occurs. Moreover no damage on the metal contacts or on the InGaAsP surface due to CF 4 plasma has been observed. Fig. 2 (b and c) show scanning electron microscope (SEM) images of the free-standing NEMS after the silicon nitride mask has been removed. Residual strain is observed causing the structures to bend slightly towards the substrate. This effect might limit the actual travel range of the actuator. The final device with vias and contacts is shown in Fig. 2 
(d).
A room temperature micro-photoluminescence (µPL) setup is used to characterize the fabricated devices. A 785 nm continuous wave diode laser is focused by a microscope objective (NA 0.4) into the sample to excite the QDs and use them as an internal light source.
The PL signal is collected through the same objective, coupled into a fiber and analyzed using a spectrometer. The setup is equipped with micro probes mounted on a movable stage and connected to a signal generator. The measurements are performed by acquiring PL spectra (integration time ∼ 10 s) from each device without bias and then gradually increasing the input voltage. Figure 3a shows the PL spectra of an L3 cavity (a = 500 nm, FF= 35%) on a spiral-shaped cantilever (Fig. 2c) as a function of the applied bias.
Two modes are visible when no voltage is applied, corresponding to the symmetric (s) and (Fig.2c) which might cause pull-in before the central part of the structure reaches 2/3 of the separation at rest.
To provide a further evidence of mechanical tuning, the device has been operated with a sinusoidal signal. Using a DC offset of 4 V and an AC drive signal with an amplitude of 6 V, a PL spectrum is acquired as a function of the signal frequency. Fig. 3c shows the results of such an experiment for an L3 cavity mode on a cantilever. When a mechanical resonance (at 2.4 MHz in the graph) is hit, the displacement is amplified resulting in a 5 broadening of the cavity peak. The maximum amplitude of the tuning is as high as 15 nm. From the spectra it is also possible to estimate a mechanical quality factor Q m ≈ 2 for this resonance. Since experiments are performed at ambient pressure a high damping is expected. The resonance is not due to the fundamental vibrational mode of the tested structure, which is expected to be around 350 kHz. We think that such a mode is highly damped and therefore not visible, while the observed broadening is caused by the second longitudinal mode, theoretically predicted around 2.5 MHz.
In conclusion, the mechanical displacement of double membrane NEMS has been confirmed by the observation of the anti-symmetric mode blue-shift (∼ 4 nm), the collapse due to pull-in and the resonance when operated with an AC signal. The Q factors of the cavities are currently limited by simple designs of the cavities and not intrinsic to the double membrane structure. 11 The device can be still improved by reducing the reverse bias currents in order to reach pull-in before diode breakdown, by reducing the inter-membrane distance to increase the tuning range and by realizing advanced designs for pull-in free operation. 
